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INTRODUCTION
The continuous improvement of the carbon nanofibres (CNFs) and carbon nanotubes (CNTs) production techniques and thus the available qualities of these materials, have promoted their introduction into polymers [1, 2] , ceramics [3] [4] [5] and metals [6] [7] [8] matrices. In recent years some research studies have demonstrated the positive effect of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 coefficients of friction and improved wear resistance for the nanocomposites obtained at low and moderate sliding loads; whilst for high sliding loads (35 N), the 10 wt.% MWCNT nanocomposite exhibited lower wear resistance. Wang et al. [18] reported that the addition of silicon carbide (SiC) to the matrix of C/C composites improves their tribological properties, by combining the hardness and the chemical stability of SiC with the self-lubricating action of carbon. Hvizdos et al. [19] 
EXPERIMENTAL PROCEDURE
The materials used in this study were commercial carbon nanofibres (CNFs) having an average outer diameter of 20-80 nm and lengths >30 μm, supplied by Group Antolín 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 as catalyst (6-8%), hydrogen and a sulphur source at temperatures above 1100 ºC. It is highly graphitic with no presence of amorphous carbon coating. This sample has been deeply characterized elsewhere [21] . -Al 2 O 3 nanopowder (Taimei TM-DAR Chemicals Co. Ltd, Japan) with an average particle size of 153 nm and a purity of 99.99% was used as one of the ceramic systems. β-SiC nano-sized powder (Hubei Minmetals Corp., China) with a mean particle diameter of 50 nm and a purity >98% of H v is the relationship between applied load P and the surface area of the diagonals of indentation [22] . Wear tests were carried out under dry sliding conditions using a tribometer ball-on-disk according to ASTM wear testing standard G99-03. As friction partners, alumina balls 5 mm in diameter were used. The sample surfaces were polished with 1 micron diamond slurry. The normal load, sliding speed and distance were fixed at 15 N, 250 rpm and 1000 m, respectively. Testing was carried out in air, at room temperature and in dry conditions. The friction coefficient and wear loss were measured and the damage was studied on the worn surfaces of disks using scanning electron microscopy (SEM, Zeiss DSM 950). It is worthwhile to take in account that in the case of ceramic-carbon composites processed by SPS, the integrity of the carbon nanostructures incorporated could be deteriorated due to the high temperature and current density applied. Then, microRaman characterization of CNFs materials before and after the sintering process has been previously made. Figure 1 shows the Raman spectra and the calculated parameters of the raw CNFs powder and sintered at 1500 ºC and 2350 ºC. The selection of these temperatures aims to evaluate the transformation of the CNFs at temperatures similar to those commonly used in the processing of ceramic nanocomposites-CNFs (1400-1800 ºC) and on the other hand, subjecting the carbon nanostructured to extreme sintering conditions, as it rarely has been reported in the literature 2350 ºC [23] [24] [25] .
RESULTS AND DISCUSSION
As it is shown in Figure 1 , they are not observed significant changes in the spectrum or Figure 4 . The wear rate is defined as the wear amount for a unit distance and unit normal load.
Although slightly differences can be found, the logarithmic plot of the obtained wear rate shows that all ceramic-CNFs composites have very similar wear rate independently of the ceramic matrix used and the CNFs content. The only remarkable difference in wear rate corresponds to monolithic ceramic materials, Al 2 O 3 and SiC, and it is due to their differences in density, 99.9% and 68.3%, respectively. Full densification of monolithic alumina leads to a noticeably reduction of wear rate whereas the relative 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 density of monolithic SiC is even lower than corresponding composites, which causes significant mass loss in the SiC test specimen due to the friction of the ball during test.
The slightly decrease of the SiC/CNFs composites wear rate with CNFs content up to 50 vol.% is directly related with the roughness reduction thanks to the density improvement which has been previously shown in Figure 2 , combined with the lubricant effect of CNFs. The highest density composite (SiC/CNFs with 80 vol.% of CNFs) shows approximately the same wear rate than SiC/CNFs (50/50) vol.% and slightly lower than bulk CNFs material. These two composites are carbon matrix composites and they show similar wear rate and comparable to corresponding compositions prepared in the Al 2 O 3 /CNFs system. Considering the manifest difference in relative density for both ceramic/50vol.% CNFs composites, the similar wear rate is due to lubricant effect of carbon matrix which is stronger than roughness caused by lack of density.
The wear rate of Al 2 O 3 /CNFs composites is higher than monolithic alumina which can be considered negligible. The addition of a soft second phase decreases the hardness of the composite materials as it has been shown in Figure 3 . This effect is combined with a reduction in relative density of these composites with CNFs content, from 99.9% to 90.0%, and therefore, an increase in surface roughness. Nevertheless, the wear rate of Al 2 O 3 /20vol.% CNFs composite is significantly higher than monolithic alumina even though the relative densities are similar. Then, in the case of alumina composites it can be concluded that the loss of hardness has greater influence on the wear rate than relative density .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 due to the elimination of the higher surface roughness followed by tightening of the contact surfaces leading to wear surface layers [34] .
The high friction coefficients of Al 2 O 3 and SiC monolithic materials (around 0.4-0.6) are typical for ceramic materials [35] . As it can be seen in Figure 5a , the friction coefficient of the nanocomposites decreases when the CNFs content is increased. This is The monolithic alumina sintered by SPS at 1500 ºC is a full dense ceramic with excellent mechanical properties and therefore, the high friction coefficient is accompanied by low wear rate value as it could be expected. Nevertheless, although monolithic SiC sintered by SPS at 1600 ºC shows similar friction coefficient, its low 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 relative density is reflected on its considerably higher wear rate. Then, the friction coefficient mainly depends on the type material whereas the wear rate is strongly It must be highlighted that both nanocomposites systems show a minimum in their friction coefficient for compositions with 50 vol.% CNFs. It could be expected that minimum friction coefficient should correspond to bulk CNFs materials, because the carbon content is the responsible of reducing the friction energy involved in the process.
However, this minimum in friction coefficient agrees with minimum in wear rate and therefore, it can be concluded that a synergy between the ceramic and CNFs has arisen.
The slightly increase in hardness and the roughness reduction due to the addition of low amounts of ceramic phase allows balancing the friction energy involved in the process and the material lost due to wear. These materials are especially attractive to be used in unlubricated tribological applications. When the CNFs is increased from 50 to 80 vol.%, sample surface is easier due to the lower mechanical properties of the CNFs material [11] , leading to an increase in softer waste that act as a third body. These abrasives form different constituents of wear debris which tended to increase ploughing debris.
SEM micrographs of damaged surfaces after the wear test are shown in Figure 6 . The worn surface revealed that the main wear mechanism in the Al 2 O 3 /CNFs with 20 vol.% of CNFs is self-polishing by low-intensity abrasion and brittle fracture due to the poor cohesion between the CNFs and the matrix. In a previous study on the alumina composites [37] , the alumina grains detached from the alumina surface caused abrasion of zirconia material. However, this observation is less significant in our case because of the low applied load. In the worn surface of this material it is possible to observe polished areas and large amount of fine (submicron) wear particles.
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